῍ Corresponding author 2-Alkylcyclobutanones (ACBs) are specific radiolytic products in irradiated lipid-containing food and can be used to detect irradiation of foodstu#s. EN1785, a European Committee Standardization Method, can detect 2-dodecylcyclobutanone (DCB) and 2-tetradecylcyclobutanone (TCB), which are ACBs, using GC/MS, thereby allowing judgement as to whether foodstu#s have been irradiated. In this study, the performance of EN1785 as a qualitative test in a single laboratory was evaluated and its applicability to beef, pork, chicken and salmon was verified. In the performance evaluation test, lipids extracted from unirradiated food using the Soxhlet extraction method were used as negative samples. Further, negative samples, to which DCB and TCB were added at 0.05 ῌg/g lipid (equivalent to the amount generated in food when irradiated at 0.5 kGy or more), were used as positive samples. For each food type examined, 4 negative and 16 positive samples were analyzed by EN1785 to verify the method's ability to detect irradiation. All of the negative samples were judged negative and all of the positive samples were judged positive. Thus, the method should be able to detect irradiation in beef, pork chicken and salmon irradiated at 0.5 kGy or higher. Next, to confirm that this is the case, the same types of food examined above, both unirradiated and irradiated at doses of 0.5ῌ4 kGy, were analyzed by the method. All of the unirradiated samples were judged negative and all of the irradiated samples were judged positive. In a laboratory di#erent from the one where the aforementioned evaluation was conducted, a performance evaluation test was carried out. Blind coded samples, including unirradiated and irradiated samples, were then analyzed in the laboratory according to EN178S. Ten samples (2 unirradiated and 8 irradiated samples) were analyzed for each type of food and the verified method was found to be 100ῌ accurate. Even after the irradiated foodstu#s had been frozen for 6ῌ9 months, it was still possible to judge whether the foodstu#s had been irradiated or not using the EN1785 method.
Introduction
Foods irradiated for sterilization, insecticidal or sprout inhibition purposes, etc. are called irradiated food. The safety of irradiated food has been confirmed by international organizations such as the WHO 1, 2) , and the FAO/IAEA (2006) 3) has reported that food irradiation is conducted in over 60 countries. In Japan, the Food Sanitation Law does not permit irradiation of food except for the purpose of sprout inhibition of potatoes.
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However, since Japan imports large quantities of food from overseas, it is possible that irradiated food may be inadvertently imported. Imported irradiated food violates the law and it is therefore essential to have a method in place to detect imported food that has been irradiated.
Since around 1990, the European Committee for Standardization has been investigating techniques for detecting irradiated food and has adopted 10 methods as European standards, which include the 2-alkylcyclobutanone (ACB) method, hydrocarbon method, thermoluminescence (TL) method, electron spin resonance method, etc.
4) ῌ These methods have been used qualitatively for identifying foods positive and negative for irradiation, but not for estimating irradiation doses. In 2007, the Ministry of Health, Labour and Welfare of Japan designated the TL method as an o$cial method῍ 1 ῌ However, application of the TL technique is limited to crops (spices, vegetables, etc.) and some fish and shellfish (clams, shrimps, etc.), since the method is only applicable to foodstu#s from which silicate minerals can be isolated. The method cannot be applied to animal-derived food, such as meat products, since the isolation of minerals from animal products is often di$cult. So far, methods for detecting irradiated animal-derived food have not been established in Japan and it is necessary to introduce internationally recognized methods and establish a system for monitoring irradiated animal-derived food.
One of the methods able to detect irradiation in animal-derived food containing lipids is a technique that uses ACBs as markers. ACBs are specific radiolytic products in irradiated lipid-containing food 5) ῌ ACBs are believed not to be present in the normal environment; therefore, the detection of these substances would convincingly suggest that a food has been irradiated. As already mentioned, methods that use ACBs as markers have been adopted as the European Standard (EN1785) 6) and a CODEX standard. In EN1785, lipids are extracted from food by Soxhlet extraction, then purified by Florisil column chromatography and ACBs are detected using gas chromatography mass spectrometry (GC/MS). A variety of ACBs are generated as a result of food irradiation, depending on the side chains of the precursor fatty acids 7) ῌ Among the ACBs, 2-dodecylcyclobutanone (DCB) and 2-tetradecylcyclobutanone (TCB) are markers commonly used to identify irradiated food, because they are readily detectable by GC/MS, which is widely available, and precursor fatty acids (palmitic acid and stearic acid) exist in food at high concentrations, making ACB detection relatively easy. DCB and TCB are detected in the EN 1785 method and their e#ectiveness as markers of irradiation in a wide range of animal-derived food has been confirmed 6), 8ῌ10) ῌ Other than EN1785, there are GC/MS methods which analyze ACBs in food using Accelerated Solvent Extractor (ASE) and Supercritical Fluid Extraction (SPE) methods 11ῌ14) ῌ Inter-laboratory validation tests of EN1785 as a qualitative test have been conducted in pork, chicken, salmon, Camembert cheese and liquid eggs 6), 8) ῌ However, when an analysis method is introduced into laboratory, even if the method has been validated by an inter-laboratory test, the performance of the method should be verified. Verification is defined as provision of objective evidence that a given item fulfils specified requirements 15) ῌ Validation and verification of qualita- tive analytical methods are di#erent from those of quantitative analytical methods, and methods for verification of the detecting ability of EN1785 in a single laboratory have not been established. The purpose of the verification of EN1785 is to confirm its performance characteristics, such as specificity and false negative rate, in a single laboratory. In this study, we elaborated a protocol for verification of EN1785, which was based on the estimation of false negative rate, and is feasible for use in a single laboratory. The applicability of the method to lipid-containing food (beef, pork, chicken and salmon) was evaluated.
Materials and Methods

Materials
Beef, pork, chicken and salmon were purchased from a retailer in Tokyo. Only muscle parts were used. The lipid contents determined by Soxhlet extraction (described later) were around 18ῌ35ῐ in beef, 8 .3ῌ28ῐ in pork, 7.3ῌ40ῐ in chicken and 9.1ῌ18ῐ in salmon.
Reagents
Acetone 5,000, hexane 5,000, diethyl ether 5,000 and anhydrous sodium sulfate (all for PCB analysis) were purchased from Kanto Chemical Co., Ltd. Cellulose fiber extraction thimbles (Grade 84,45 mm῎123 mm, Advantec) were washed with hexane before use. Florisil PR (150ῌ250 ῌm, 60ῌ100 mesh, Wako Pure Chemical Industries, Ltd.) was heated to 550῏ for over five hours and then cooled down before the addition of water, equivalent to 20ῐ of the weight; the mixture was then stirred and left overnight for inactivation. DCB and TCB, standard substances, were purchased from Hayashi Pure Chemical Ind., Ltd. and 2-cyclohexylcyclohexanone, an internal standard substance, was purchased from Tokyo Chemical Industry Co., Ltd. Each standard substance was weighed and dissolved in hexane to make a standard stock solution (1 mg/mL).
Standard solutions for calibration were prepared by diluting the standard stock solutions with hexane. A DCB and TCB mixed solution, 0.0125ῌ0.2 ῌg/mL containing the internal standard substance at 0.5 ῌg/mL, was prepared for verification. A DCB and TCB mixed solution, 0.00781ῌ2 ῌg/mL containing the internal standard substances at 0.5 ῌg/mL, was prepared for analysis of irradiated food.
Equipment
Food cutter: GM200, Retsch Soxhlet extractor: B-811, BUCHI GC/MS: 7890A/5975C, Agilent (Hewlett-Packard) g-Irradiation device: Gamma Cell 220 (cobalt-60 gamma source, Nordion)
Preparation of irradiated food
Homogenized samples (approx. 20 g) were placed in polyethylene bags and gamma-irradiated under frozen conditions using dry ice. After irradiation at a target dose of 0.25ῌ4 kGy, the samples were stored at ῍30῏.
An alanine dosimeter was used to measure actual irradiation doses: it was confirmed that the doses were within ῍10ῐ of the target dose. Therefore, we considered the target dose as the dose actually irradiated.
Analysis of ACBs by EN1785 1) Extraction
Food samples were homogenized using a food cutter and approx. 20 g of homogenate was collected in an extraction thimble. The sample was stirred with anhydrous sodium sulfate (40 g) using a spatula and left for about 20 minutes. Soxhlet extraction was then conducted for six hours (approx.10cycles/hour) using hexane (220 mL) to obtain an extract. The extract was concentrated to 100 mL, then anhydrous sodium sulfate (10 g) was added and the mixture was left overnight.
2) Measurement of lipid weight
Five milliliters of the extract was collected in a glass vial and the solvent was removed under a nitrogen stream. The weight of the residue was taken as the weight of extracted lipids.
3) Purification
A Florisil column (inner diameter 20 mm, length 300 mm) was prepared by filling it from bottom to top with sodium sulfate (approx. 3 g), inactivated Florisil (36 g), and sodium sulfate (approx. 3 g) with hexane. The extract (equivalent to 200 mg fat) was loaded on the column, which was washed with hexane (150 mL). Then, ACBs were eluted with 1ῐ diethyl ether/hexane (150 mL) (flow rate: approx. 2.5 mL/min). The eluate was concentrated to approx. 5 mL using an evaporator, and the solvent was completely removed under a nitrogen stream. The internal standard substance, at 0.5 ῌg/ mL, was added to 200 ῌL of the solution in preparation for GC/MS. 
4) Conditions of GC/MS measurements
5) Measurement of ACBs
DCB and TCB were quantified using an internal standard method in accordance with EN1785 6) ῌ The relative sensitivity values of DCB and TCB to the internal standard substance in the standard solution for calibration at each concentration were calculated and the average values were used for quantification.
Performance evaluation test for verification of the detecting ability of EN1785 in a single laboratory
Lipids were extracted by Soxhlet extraction using hexane from foodstu#s that were not believed to have been irradiated. The extracted lipids (each 200 mg portion) were used as negative samples. The extracted lipids (each 200 mg portion), spiked with DCB and TCB at 0.05 ῌg/g each, were used as positive samples. The concentrations of DCB and TCB were set in accordance with a study in which chicken was irradiated at room temperature 16) and were believed to be equivalent to the levels formed upon irradiation of 0.5 kGy or more. DCB and TCB concentrations in foodstu#s are expressed on a the lipid basis in EN1785. If DCB and TCB are spiked into fresh samples, it is necessary to determine the lipid concentrations in the fresh samples previously. Additionally, in that case, Soxhlet extraction has to be carried out at each time for positive samples. In order to save time in the performance evaluation test, DCB and TCB were spiked into lipids extracted by Soxhlet extraction. In accordance with EN1785, analysis of negative samples was repeated twice a day and conducted for two days (4 negative samples in total) and analysis of positive samples was repeated four times a day and conducted for four days (16 positive samples in total). The results were judged negative or positive based on the criteria described below. These criteria conform to the criteria for EN1785 6) ῌ 1) Within the same retention time as DCB and TCB standards, the signal-to-noise ratio (S/N) of peaks at m/ z 98 and m/z 112 is greater than 3.
2) Regarding peaks observed in 1), the area ratios at m/z 98 and m/z 112 are within ῍20ῐ of the peak area ratios obtained from the standard solution for calibration which produces a similar area at m/z 98.
3) A scanning measurement conducted between m/z 95 and m/z 115, near the retention times for the peaks observed in 1), produces m/z 98 and m/z 112 as the major ions (sum of the intensities is over 50ῐ of the total intensity).
4) Quantitative values for the peaks that meet criteria 1), 2) and 3), monitored at m/z 98, are higher than the concentrations obtained from the S/N 3 for the standard calibration solution. Concentrations equivalent to S/N 3, obtained from the SIM chromatograms for the standard calibration solution, were 0.021 ng/mL for DCB and 0.065 ng/mL for TCB. When these values were converted to the concentrations in the samples, they were 0.021῎10 ῍3 ῌg/g lipid for DCB and 0.065῎ 10 ῍3 ῌg/g lipid for TCB. The samples were judged positive when the obtained peaks met all of the criteria; otherwise, they were judged negative. For the food types examined, if the 4 negative samples were judged negative and the 16 positive samples were judged positive, it was considered appropriate to use EN1785 for the foodstu#s tested.
Since methods for verifying EN1785 in a single laboratory have not been standardized, the performance evaluation test was established taking account of its feasibility and erroneous decision rate. This protocol does not require irradiation of samples and can be completed in six days, so that it can be used in many laboratories. Assuming that the results follow a binomi-nal distribution with a constant false negative rate, if all 16 positive samples are judged correctly as positive, the false negative rate for the food would be approx. 17. Therefore, with EN1785 verified by the evaluation test, it would be possible to identify irradiated samples (0.5 kGy or higher) of food at the false negative rate of 17 or less. Thus, the false negative rate of the performance evaluation test is determined by the number of positive samples, if they are all judged correctly. According to the binominal distribution, the probability (P(X)) of judging all positive samples correctly is expressed as follows:
P( X)ῒ(1῏P) n , where P is the false negative rate, and n is the number of positive samples. When the probability is equal to 5 and the number of positive samples is equal to 16, the false negative rate is calculated to be 17. For example, 60 positive samples have to be judged correctly to ensure the false negative rate of 5. We considered that 16 positive samples were appropriate, taking into consideration the feasibility of the performance evaluation test.
Fatty acid analysis
Fatty acids in the samples were determined as described previously 17) ῌ In brief, samples spiked with heptadecanoic acid as an internal standard were saponified with ethanolic KOH containing pyrogallol at 130ΐ for 30 min. The samples were added to water and sulfuric acid, and extracted with diethyl ether. The extracts were washed with water and evaporated, and then the residues were dissolved in methanolic NaOH, and saponified at 100ΐ for 9 min. After that, the fatty acids were methylated with boron trifluoride methanol complex at 100ΐ for 7 min. The fatty acid methyl esters were extracted with hexane and determined with GC-FID.
Results and Discussion
Verification of the detecting ability of EN1785 in a single laboratory
Using the aforementioned evaluation, the applicabili- ty of EN1785 to beef, pork, chicken and salmon was examined. Table 1 shows the results (4 negative samples and 16 positive samples for each food type). For all food types, all negative samples tested negative, with DCB and TCB not detected. All of the positive samples tested positive, DCB and TCB were detected, and the aforementioned criteria were met. Therefore, use of EN1785 for these food types was considered appropriate. It was considered that EN1785 was capable of detecting samples irradiated at 0.5 kGy or higher. This detection sensitivity is appropriate, as animal meat and fish are normally irradiated at doses in the range of between 1ῌ7 kGy to prevent food poisoning and to extend storage life 18) ῌ In addition, the recovery rate of DCB from extracted lipids was 76ῌ101῎ in beef, 91ῌ138῎ in pork, 75ῌ107῎ in chicken and 83ῌ119῎ in salmon. The recovery rate of TCB from extracted lipids was 72ῌ95῎ in beef, 86ῌ142῎ in pork, 72ῌ101῎ in chicken and 76ῌ114῎ in salmon. There was no food type in which the recovery rates of DCB and TCB were significantly low.
The validity of EN1785 in detecting prior irradiation of pork, chicken and salmon has been confirmed in inter-laboratory trials 6),8) ῌ These studies, using food irradiated with g-rays, confirmed the validity of EN1785 for detecting chicken irradiated at 0.5 kGy or more and other food types irradiated at 1 kGy or more. The results of our single laboratory trial are consistent with these results. The inter-laboratory trials did not examine the validity of EN1785 for detecting irradiation in beef. Our results showed that it is possible to use EN 1785 for this purpose.
Analysis of irradiated food according to EN1785
To confirm the ability of EN1785 to detect irradiated food, foodstu#s irradiated with a wide range of doses were analyzed. Some studies reported that the amounts of ACBs in food decreased as the irradiation temperature decreased 10)19,20) ῌ For example, the DCB and TCB concentrations in beef irradiated in a frozen state are lower than those in beef irradiated chilled or at room temperature 20) ῌ Therefore, we used foodstu#s irradiated in the frozen state to confirm the ability of EN1785 to detect irradiated food. Table 2 shows the concentrations of DCB and TCB in beef, pork, chicken and salmon unirradiated and irradiated with g-rays (0.5ῌ4 kGy). DCB and TCB were not detected in unirradiated samples. DCB and TCB were detected in irradiated samples, and the aforementioned criteria were met; therefore, these samples were judged positive. The concentrations of DCB and TCB varied significantly among food types, but the concentrations increased with increasing irradiation dose within the same food type. In most cases, the DCB and TCB concentrations detected in the samples irradiated with 0.5 kGy were close to the spiked concentration (0.05 ῌg/g lipid) that was set in the performance evaluation test. Figure 1 shows the SIM chromatograms for each food (irradiation doses: 0ῌ 2 kGy). In all food, clear DCB and TCB peaks were observed on the SIM chromatograms. Since the irradiation dose used for sterilization is normally over 1 kGy, EN1785 has su$cient ability to detect food irradiated with operational doses.
As previously mentioned, DCB and TCB are formed from palmitic acid and stearic acid, respectively. However, the concentrations of these precursor fatty acids existing in food are likely to vary depending on individual di#erences, di#erent edible parts and production areas, etc. Therefore, three di#erent samples of beef, pork, chicken and salmon unirradiated and irradiated with g-rays (0.5 or 1 kGy) were analyzed according to EN1785 to confirm its applicability for detecting irradiated food. All the samples were judged correctly as unirradiated or irradiated. Table 3 shows the concentrations of DCB and TCB as well as their precursor fatty acids in the irradiated samples. Although the concentrations of stearic acid in chicken and salmon were relatively low, there was no di$culty in detection of TCB. The ratios of DCB to TCB in chicken and salmon were relatively close to those of palmitic acid to stearic acid, while the ratios of DCB to TCB in beef and pork were significantly lower than those of palmitic acid to stearic acid. Obana et al. have reported a similar relationship of DCB and TCB and their precursor fatty acids in irradiated animal meat and salmon 14) ῌ The amounts of DCB and TCB formed on irradiation are sensitive to the temperature during irradiation. The DCB/TCB ratios in frozen beef and pork were about 60῍ lower than those in fresh pork and beef 20) , 21) ῌ All the samples in our study were irradiated in the frozen state. Additionally, Stevenson reported that the position of palmitic and stearic acid in triglyceride may influence the quantity of ACBs formed 21) ῌ In pork, palmitic acid tends to bind to position 2 of the glycerol backbone, while stearic acid is most likely to bind to position 1. This may lead to production of more TCB in pork with irradiation. These results may explain why the ratios of DCB/TCB in beef and pork were much lower than those of precursor fatty acids in our study.
Verification of the detecting ability of EN1785 and analysis of blind samples in another laboratory
Whether EN1785 has the equivalent detecting ability in a laboratory di#erent from the one where the method was previously verified was examined. Following verification of EN1785, irradiated food was analyzed in a blind manner according to EN1785. The applicability of EN1785 to beef, pork, chicken and salmon was verified using the aforementioned method. It was shown that all of the negative samples were judged negative and all of the positive samples were judged positive (data not shown). Thus, the applicability of EN1785 to these food types in a di#erent laboratory was confirmed. Next, for each of these food types, 10 blind samples (2 unirradiated samples, 8 irradiated samples) were analyzed according to EN1785. All samples (100ῐ) were correctly judged as unirradiated or irradiated (Table 4) . DCB and TCB were not detected in any unirradiated samples. DCB and TCB were detected in the irradiated samples and the aforementioned criteria were met. Also, within the same food, the concentrations of DCB and TCB increased with increasing irradiation dose, confirming dose dependency. Thus, the detecting ability of EN1785 using the aforementioned method was reproducible in a di#erent laboratory.
Analysis of frozen irradiated food
Generally, most animal meat and fresh fish are imported and distributed in a frozen state: We examined whether EN1785 was able to detect irradiation after irradiated food had been frozen for a long period. Beef, pork and salmon irradiated with 1 kGy and chicken irradiated with 0.5 kGy were frozen for 6ῌ9 months at ῍30῏ before being analyzed by EN1785. We believe the storage condition is appropriate, because it would take a couple of months at maximum to import food to Japan in the frozen state by ship. It was shown that DCB and TCB were still detected, with all frozen samples being correctly identified as positive (Table 5 ). Also, to examine possible changes in the DCB and TCB concen- trations by freezing, the concentrations were compared before and after frozen storage (Fig. 2) . The concentrations were not significantly changed by freezing in any of the food types. Assuming the pre-freezing concentrations were 100ῒ, the post-freezing concentrations were 82ῌ113ῒ for DCB and 74ῌ124ῒ for TCB in tested samples. Obana et al. reported that in animal meat and salmon, after 1 year of freezing, the DCB level decreased slightly while the TCB level hardly changed 22) : Our results are consistent with this. Hamilton et al. suggested that a decrease in DCB in stored samples may be due to oxidization of ACBs 23) ῌ In this study, EN1785 allowed correct judgement of positive and negative irradiated samples in the lipidcontaining food examined. When introducing EN1785 in a laboratory, it is desirable to verify its detecting abilities by means of a performance evaluation test, as done here. EN1785 requires only general laboratory equipment and is therefore a highly versatile detection method. However, using Soxhlet extraction and Florisil open columns, it requires many hours of pre-treatment (around 2 days). For this reason, some GC/MS studies use ASE and SFE to analyze ACBs 11)ῌ14) ῌ Although these methods are useful, in that extraction takes less time, they require special extraction equipment. More recently, Tewfik et al. conducted GC/MS analysis using direct solvent extraction 24), 25) ῌ Their method did not require specialist equipment for extraction and it was quick, but it only measured DCB and so can only be used for chicken, liquid eggs and Camembert cheese. When any rapid detection method for ACBs is introduced in a laboratory, it is desirable to verify its detecting ability. We believe that the performance evaluation test for verifying EN1785 can be replaced with any ACB method which analyzes DCB and TCB using GC/MS. Based on the results of this study, the Ministry of 
Each sample was irradiated with the indicated dose and frozen for 6ῌ9 months at ῎30ῑ before being analyzed according to EN1785. ῍ 2 Each item was judged positive if the following conditions were met: 1) Within the same retention time as DCB and TCB, S/N of peaks at m/z 98 and m/z 112 was greater than 3; 2) Regarding peaks observed in 1), the area ratios at m/z 98 and m/z 112 were within ῏20ῒ of the peak area ratios obtained from the standard calibration solution which produced a similar area at m/z 98; 3) The scanning measurement conducted between m/z 95 and m/z 115, near the retention times for the peaks observed in 1), produced m/z 98 and m/z 112 as the major ions (sum of the intensities was over 50ῒ of the total intensity); 4) Quantitative values for the peaks that met 1), 2) and 3) monitored at m/z 98, were higher than the concentrations obtained from the S/N 3 for the standard calibration solution (DCB῎0.021ῐ10
ῌ3
ῌg/g lipid, TCBῌ0.065῍10 ῌ3 ῌg/g lipid). ῍ 3 The samples were judged positive when their peaks obtained met all of 1)ῌ4); otherwise, they were judged negative.
Health, Labor and Welfare of Japan has recently notified the ACB method as an o$cial method ῎2 ῌ According to the notification, a laboratory can adopt any kind of ACB method using GC/MS, as long as the method is verified by the performance evaluation test described here.
